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In this research, a same-day mode choice model, in which the activities of household members are predetermined, is established as a four-step model. The first step allocates vehicles at a household level. Household members are divided into two types: the members who use private vehicles and the ones who do not. The second step decides mode choices of individuals with private vehicles. The third step considers vehicle sharing among household members. The fourth step simulates mode choices of individuals without vehicles based on chronological order. The area studied in this paper is the urban area of Bengbu, China, a midsize city, which is a common type of city in China.
The scope of this paper is as follows. The following section reviews current studies on mode choices and applications in developing countries. The next section presents a model framework consisting of four subsections, with algorithms and detailed descriptions of models. The next section gives a case study of a mode choice model in the midsize city of Bengbu, China. The last section summarizes the conclusions and proposes future work.
LITERATURE REVIEW
In the past 30 years, the typical mode choice models have been tripbased models, in which the traditional random utility maximization theory is primarily adopted (1) . In the Netherlands in the late 1970s, researchers developed tour-based models in which roundtrip journeys are considered instead of single trips (9) (10) (11) (12) . The benefits of the tour-based models are that the temporal-spatial constrains within a tour are considered. Later, tour-based mode choice models were developed in Denmark, Poland, and the United States (2, 5, 13, and 14) . Miller et al. summarized that there are some limitations of the tour-based mode choice models that preceded their model. These limitations include reliance on some tree logit forms, simplification of the definition and construction of tours, assumption of a main mode, separate calibration by purpose, and Tour-based mode choice, which takes into account temporal-spatial constraints within a tour, has shown incremental advantages over tripbased models (1, 2) . Researchers considered the interactions between tours within 1 day and developed the same-day mode choice model, making its adaptability more effective and efficient (3) (4) (5) . The sameday or tour-based mode choice model has been well studied in developed countries. However, it has not been well studied in developing countries. In developing countries, mode choice decisions may differ considerably from those in developed countries because of differences in vehicle ownership, mobility needs, and people's travel and activity characteristics (6) (7) (8) (9) .
Most current mode choice models assume that cars are always available to all drivers if the household owns cars. This assumption use of explicit assumption about car availability rather than car allocation (1) .
Recently, new modeling methods have been applied to build a mode choice model. Miller et al. proposed a new tour-based mode choice model in 2005. Their model assumes that if a private car is used in a tour, that car must be used for the entire trip chain because the car must be returned home at the end of the tour (1). In addition, some anchor points exist where individuals can change the travel mode. By using an ensemble of conditional and unconditional classifiers, Biagioni et al. adapted existing data-mining methods to further improve predication performance of the mode choice model (10). Ramadurai and Srinivasan investigated the dynamics and variability in the same-day mode choice decisions. This research concluded that the tour-based mode choice models are sensitive to state-dependence, which refers to influence of the previous episode on the current episode (3). Vovsha California (2006) . They suggested the concept of hybrid of probabilistic choice and that rule-based algorithms could be employed in future mode choice models (8) .
Many travel demand forecasting models assume mode choice is mainly determined at the personal level. Even though the importance of representing group decision-making mechanisms of household behavior has been identified since the 1980s, studies about mode choice behavior at the household level are relatively new and limited (15) . Zhang et al. developed a new household discrete choice model in 2009 to represent heterogeneous group decision-making mechanisms in choice behavior. Household utility function was defined to theoretically reflect household members' preferences and intrahousehold interactions. With the data collected in two Japanese cities in 2004, the effectiveness of the proposed household decision model was empirically confirmed (16) . In addition, most present mode choice models assume that cars are always available for household members whenever they are needed. However, this assumption may not be true in some developing countries in which motor vehicles are not common in households. The tour-based mode choice model proposed by Miller et al. characterized the household interactions of vehicle allocation, ridesharing, and drop-off and pickup of household members (1). Anggraini et al. explicitly considered within-household interactions in activity-travel choices to refine ALBATROSS, a rule-based, activity-based modeling system (17 ) . In 2004, the chi-square automatic interaction detection algorithm was applied in this research to derive a decision tree for the car allocation decisions in automobile-deficient households using a large activity diary data set recently collected in the Netherlands. The researchers found that the probability of the male getting the car is considerably higher than the female getting the car in many condition settings (17) .
Mode choice in developing countries may differ significantly from mode choice in developed countries in several aspects. Choices could include vehicle types (two-wheelers versus four-wheelers), vehicle ownership levels, socioeconomic characteristics, perception of subjective factors, and variability in choice set. Srinivasan et al. investigated the differences between mode choice propensity for twowheelers and four-wheelers and differences in sensitivities to travel time and cost across different user groups in India (18) . Rajagopalan and Srinivasan analyzed household-level mode choice and modal expenditure decisions through a multiple discrete-continuous extreme value model in the context of Chennai city in India (19) . Yagi and Mohammadian studied the combined models of mode and destination choices for home-based tours within an activity-based model for Jakarta, Indonesia, and the simulation results showed that choice alternatives, the structure of the model, and key variables differ from those in the developed countries (20) . Hence, there is a significant need for a mode choice model for developing countries, not just at the household level, and also for simulation of household private vehicle usage. Table 1 presents the notation used in formulating the mode choice model.
MODEL FRAMEWORK Notation

Algorithm of Mode Choice Model
The mode choice model proposed in this paper is an agent-based microsimulation framework. This model simulates the mode choice decision for the trips of all household members within 1 day. The decision is the output of the model. Activity schedules of all household members are regarded as one of the inputs to the model, which complies with the basic modeling sequence that the mode choice is made after the activity generation (12, 21) . Household data, land use data, public policies, and road network data are also input factors. The model strives to capture interactions between household members, the dependence between trips of one person, and impacts of transportation environments, such as land use and road network, on mode choice. Figure 1 is the flowchart of the proposed model. The model consists of four steps:
1. Private vehicle allocation at the household level. Vehicles discussed in this paper are cars, motorcycles, and bicycles.
2. Mode choice of household members who are allocated private vehicles. The household member must use the assigned vehicles for at least one trip within this day.
3. Search for the vehicle sharing use in the household. Vehicle sharing use contains two conditions: -Ridesharing (car, motorcycle, and bicycle). Some household members travel as a passenger, because of joint and escort activities.
-Whether the assigned vehicle can be used by other household members when it is free at home. 4. The mode choice follows a chronological sequence for the rest of household members who are not allocated private vehicles.
Step 1. Vehicle Allocation in Households
Recently, Miller et al. and Anggraini et al. proposed that car deficiency should be considered, raising a vehicle allocation issue (1, 17) . In developing countries, a car, used by only a small proportion of people, is not only a swift and convenient transportation tool, but also a symbol of social status and wealth. A motorcycle is a widely used vehicle, the advantages of which include savings in time and physical energy versus riding a bicycle. Riding a bicycle, however, is not restricted by a driver's age or ability. Therefore, the sequence Step 1
Vehicle allocation in household
Step 2 Mode choice for the household member who is allocated vehicle
Step 3
Search for vehicle sharing in household
Step 4 of vehicle allocation within households in developing countries would be as follows: car, motorcycle, and bicycle.
Step 1a in Figure 1 is the flowchart for the detailed sequence of vehicle allocation. Vehicles in this step can be car, motorcycle, or bicycle. First, if #Car h is larger than 1, car allocation proceeds. Otherwise, the motorcycle allocation branch is operated. When #Car h ≥ 1 and #Car h ≥ #Ih_car (denoted as Case 1), a binary logit model is applied to decide whether all drivers will use the car. When #Car h ≥ 1 and #Car h < #Ih_car (denoted as Case 2), a mixed nested logit model is operated to determine which car is allocated to which driver until all the cars have been specified. After the car allocation is finished, the motorcycle and bicycle allocation branches follow the same procedure, first for motorcycles, then for bicycles. If an individual i is allocated with a private vehicle, PV ih is made to be equal to this type of vehicle; otherwise, PV ih is 0.
Case 1. Binary Logit Model
When #Vehicle h ≥ 1 and #Vehicle h < #Ih_vehicle (vehicle here is car, motorcycle, or bicycle), three binary logit models for different market segment (car, motorcycle, and bicycle) are established. These models solve the issue of whether the eligible members would use the correspondingly qualified vehicles.
With car allocation as an example, the alternatives of binary logit mode are "to use this car" and "not to use this car" for individual i. The alternative with maximum utility is chosen with the effect of sociodemographic characteristics (e.g., gender, age), activity pattern and trip characteristics (e.g., tour number, activity type, longest trip distance), family attributes (e.g., income, family size), land use (e.g., density and diversity), road network, and public transit service. Meanwhile, the role that a person plays in a family is also captured to reflect the interactions between household members.
Case 2. Mixed Nested Logit Model
When #Vehicle h ≥1 and #Vehicle h ≥ #Ih_vehicle, a mixed nested logit model is applied to process vehicle allocation. The output of the mixed nested logit model is to assign the vehicle to a certain household member or to no one. Every time the model is executed, the allocation of one vehicle is performed. If there are two cars in a household, the allocation of the first car is done, and the other car is assigned to an eligible household member in the second run. However, if nobody is assigned a car in the first run of the model, the car allocation would stop and the motorcycle allocation branch would begin. Index K is defined to monitor how many times a car, motorcycle, or bicycle is allocated.
The two-stage nested model depicted in Step 1b of Figure 1 is used to conduct the vehicle allocation within a household. The alternatives in the first stage of vehicle allocation are "being used" and "not being used." This step is modeled by a binary utility structure. "Not being used" is chosen only if its utility exceeds that of the vehicles taken by someone in this family. If "being used" is selected in the first stage, the individual decided in the second stage is chosen on the basis of the the utility maximization principle.
Utility specifications are as follows. The utility of the vehicle not being used is expressed by
The utility of the vehicle being used allocated to an individual i is expressed by where β 1 = vector of parameters associated with the vehicle not being used, β 2 = vector of parameters associated with the vehicle being used, X h = vector of explanatory attributes affecting the vehicle not being used for household h (e.g., household size, household income), X ih = vector of explanatory attributes affecting vehicle allocation utility for individual i from household h (e.g., age, gender), and η h , η ih , ξ h , and ξ ih = error structure of the mixed nested logit model to show the correlations between repeated instances within household.
The error structure enables relaxing the assumption that error terms are independent and identical across alternatives and that error term variance is constant across households. Detailed descriptions of these four error variables are presented in Table 1 .
The random utility maximizing behavioral framework is as follows. The utility maximization for "being used" and "not being used": the alternative of "not being used" is chosen if U h_Nuse ≥ 0; otherwise, "being used" is chosen. The utility maximization for an individual deciding if the vehicle is used: the vehicle is allocated to individual i, if U ih > U jh for all j ≠ i, where j and i are eligible members in household h for this vehicle allocation.
The number of eligible people for one type of vehicle can vary from one household to another. Also, within one household, the number of eligible household members may be different when the mixed nested logit model is operated at different stages for the same type of vehicle. To address this issue, the choice set dimension of the mixed nested model is set to the maximum household size among all households, named by I max . Thus, all households have a constant choice set dimension (I max ), but the number of members who exceed the real eligible members of household h (#Ih_vehicle) are treated as virtual and ineligible members who are never allocated any vehicle. The personlevel utility for ineligible members is set as a large negative number to exclude their choice for vehicle usage. To increase estimation efficiency and robustness, generic variables are specified in such a way that life-cycle and household role effects can be estimated as variables across households. The coefficients associated with these variances are estimated by using the simulated maximum likelihood technique. A detailed description of this method is given by Train (22) . A Monte Carlo simulation with 2,500 pseudorandom normal draws was employed for estimation of this model.
Step 2. Mode Choice of Household Members with Vehicles Allocated
Step 2 conducts the mode choice of people allocated private vehicles in Step 1 within 1 day. This step is based on a rule-based assumption: the one who is allocated a private vehicle must use this vehicle for the longest trip.
First, the longest trip of individual i is enforced to use the allocated private vehicle PV ih . If more than one trip of individual i within 1 day
has the same longest distance (for example, the home to work and work to home travel pattern has the same trip distance), all of these trips must use the allocated vehicle as the travel mode. However, there are some reasonable constraints: the private vehicle has to start from home and it must be sent back home after finishing the home-based trip chain. Therefore, once the trips in trip chain c ih are enforced by the PV ih , on the basis of the constraints mentioned above, the trips forming the closed loop with the enforced trips are valued by PV ih .
Meanwhile, an individual who uses a private vehicle within 1 day has the probability to use other travel modes. Thus, the mode change of the private vehicle user within 1 day is considered in this model. In this case, there is an assumption that a person cannot be regarded as a driver using two different private vehicles within 1 day. Therefore, the possible alternatives for a private vehicle driver switching travel modes include transit, walk, taxi, or company vehicles. There are two types of anchor points where the driver can change travel modes: (a) the non-home-based subchain belonging to the enforced main chain that does not involve the enforced private vehicle and (b) the home-based trip chain of driver i that does not involve the enforced private vehicle.
A multinomial logit (MNL) model is used to model the mode choice of a private vehicle driver i for both two types of anchor points. The five alternatives of MNL model are to continue using PV ih , to switch to transit, to walk, to take a taxi, or to use a company vehicle. The characteristics of the trip chain are described by the dummy variable Chain_ sub and Chain_ Nenforce in the model. Dummy variables PV ih _car, PV ih _motorcycle, and PV ih _bicycle represent the private vehicles where the driver i is enforced. The choice results are regarded as the mode choices of all trips in the subchains or home-based trip chain. Then the mode choice of all trips of the private vehicle drivers in a household are decided.
In sum, the detailed procedures to determine the mode choice of a driver are as follows:
1. Take PV ih as the travel mode for the longest trip of this driver. Next, value the home-based trips that form a closed chain with the enforced trip by PV ih according to the constraints on private vehicle usage.
2. Decide the mode choice for the unenforced subchainhome-based chain belonging to the anchor point.
Step 3. Search for Vehicle Sharing in Household
Ridesharing in Household
If joint and escort activity exist in a household, ridesharing should be considered. In midsize cities in China, motorcycles and bicycles commonly have passengers. In this paper, because the activity schedules of all the members of the household are known, the joint and escort activities can be found. There is an assumption that only the individuals without private vehicles allocated can be passengers. The activity schedules of the passengers are matched with the drivers' schedules, and the mode choices of the corresponding trips are set as passengers.
Whether Assigned Vehicle Can Be Used by Other Household Member When It Is Not Occupied
Further vehicle sharing is investigated to decide whether the household members who are not allocated private vehicles in Step 1 can use the private vehicle when it is free at home. The sequence of the vehicle-sharing searching in this step is car, motorcycle, and bicycle. Here, the car is used as an example.
The research of this case requires two conditions to be satisfied in a household h: (a) the household member eligible for the car use whose PV ih equals zero exists, and (b) the individual qualifying for the first condition has a home-based trip chain when this car is free at home and the mode choices for all the trips of this trip chain are not decided. If a household member meets these two requirements, a binary logit model is used to decide to use or not to use the car for this tour. When more than one household member meets the two conditions, a random household member is chosen for the binary logit model. Subsequently, if someone in this household qualifies to use the car, further allocation is operated; otherwise, the allocation of other vehicles in this household is processed. The personal attributes and characteristics of the home-based trip chain are the important factors.
Step 4. Mode Choice of Household Members Not Allocated a Vehicle
The fourth step is to study the mode choices of household members who are not allocated private vehicles (PV ih = 0). This type of household member makes choices from four alternatives: walk, transit, taxi, and a company vehicle for all of his or her trips, except those trips for which the mode has been decided in Step 3. In this step, mode choice considers the effect of the previous trip's mode choice on the subsequent one. For every choice decision, an individual is assumed to select the mode that maximizes his or her utility of the trip. In terms of the chronological sequence, mode decision is repeated for this individual i trip-by-trip until all mode choices for his or her trips are acquired.
An order mixed logit model that captures the effect of the mode chosen in the previous trip on the current trip can be expressed as follows. The total utility of an alternative travel mode m for trip t ih can then be expressed as Table 1 .
A maximum simulated likelihood estimation technique is used to solve this mode. The detailed algorithms and procedures can be found in work by Ramadurai and Srinivasan (3) . 
CASE STUDY Data
The travel diary survey used for this case study covered 1 day, was conducted through home interviews, and was conducted at the household level. The data were collected in spring 2007 in Bengbu, with a sampling rate of approximately 3%. In the survey, all trips made by all household members (above 6 years old) from 5,478 households were recorded on a randomly selected weekday, along with household attributes, individual socioeconomic information, activity, and trip characteristics. Rigorous data screening excluded records with inconsistent and incomplete data. The cleaned activity travel household samples used in this study produced 3,842 households. The model was estimated by 2,842 households randomly selected in these samples, and the remaining 1,000 households were used for validation testing.
Two hundred fifty-three households from the 2,842 estimation samples hold one car, and none of households have more than one car. Among the 253 households, 241 households have only one person with a driver's license. Twelve households have more than one member with a driver's license. This car ownership distribution is typical in a midsize Chinese city. Five hundred seventy-six households own a motorcycle, but less than 1% of these households have two motorcycles. Among the 1,922 households that 
Estimation Results of Model System
For the estimation, the parameters of each model are calibrated stepby-step with the survey data.
Vehicle Allocation Modeling Results
The number of qualified samples for the binary logit model with respect to car, motorcycle, and bicycle is 241, 372, and 1,063, respectively. Because of the small sample size (12 households), the car allocation model between two or more eligible members in a household is not estimated. The parameters of mixed nested logit models for motorcycle and bicycle allocation are estimated by 211 and 1,438 samples, respectively. Tables 2 and 3 present the estimation results of the allocation models for car, motorcycle, and bicycle. Variables with correlation of more than 0.3 are excluded from the specification. Distance from home to school > 2 km ‫ء‬ student Tables 2 and 3 show the following:
• Of these five models, all parameters have expected signs.
• The overall goodness of fit of three binary logit models for car, motorcycle, and bicycle are 0.649, 0.618, and 0.579, respectively. The explanatory functions of the variables of car applied in these models are better than those for motorcycle, and the motorcycle functions are better than those for bicycle. This trend can be explained because most possession of cars and motorcycles exists only if there is demand in developing countries. However, it is common to have a bicycle in a household, even if it is not often used, making usage of bicycles more complicated.
• The overall goodness of fit in the nested logit models of motorcycles and bicycles is 0.568 and 0.428, respectively, indicating that the explanatory variables could well capture the allocation characteristics of motorcycles and bicycles in the household. The car, as a symbol of social status and wealth in a midsize city in China, is usually charged by a certain household member.
• 
Mode Choice of People with a Private Vehicle Allocated
After the enforcement regulation is applied to the individual allocated a vehicle whose PV ih is not equal to 0, 1,247 samples for the estimation of mode choice model for the anchor point are obtained. To determine the mode choice result for the subchain or "not enforced chain" of the samples, the following hierarchy from top to bottom is used: private vehicle company car, taxi, transit, and walk. After estimation, the results of the MNL model are shown in Table 4 , and the alternative "to continue using PV ih " is set as reference alternative.
The estimation result of MNL fits the data quite well, with ρ 2 being 0.467. However, the use of different private vehicles would present different mode-switching properties within a subchain or "not enforced chain" that is demonstrated by the model parameters. For instance, it is harder to make a switch between motorcycles and transit than between cars and transit (the coefficients of PV ih _car and PV ih _motorcycle for the transit alternatives are −2.278 and −3.179, respectively). 
Issue of Shared Use Vehicles in a Household
Each of 513 individuals from 2,842 households makes at least one trip as a passenger in the survey day. The number of households having two drivers using only one vehicle on the same day is 13, which is less than 1% of 2,842 samples. More than 90% of private vehicles are used for commuting in midsize Chinese cities; therefore, it is difficult for other household members to use the car within normal work hours. Meanwhile, joint activities, such as shopping and recreation after work, may restrict the cases in which the vehicle is driven by other household members. In this study, the model for vehicle sharing is not calibrated because of the small sample size.
Mode Choice of People Without a Private Vehicle Allocated
The number of trips by household members who are not allocated a private vehicle are 20,116 after trips are subtracted that have mode choice of passenger or shared use of private vehicle. The 20,116 trips are estimated as samples of the mode choice model as described in the discussion of Step 4. Calibration results are listed in Table 5 , with walk as the reference mode. Inertial effects exist between the trips even without the use of a private vehicle: individuals are highly likely to choose a mode they have previously chosen. This result signifies an inherent rigidity among individuals against changing modes, especially for the tran- sit and walk modes. The goodness of fit of this model is 0.445; it fits quite well. The trip characteristics and personal attributes also show the apparent influences on the mode choices. All the terms in the proposed error structure were statistically significant. The empirical results imply the strong influence of unobserved preference heterogeneity, heteroskedasticity across alternatives, and serial correlation.
Model Validation
Validation of this model system was tested by a sample of 1,000 households that were randomly selected and set aside; there were 3,040 individuals and 8,664 trips in the sample. The market share of mode choice of the validation data is as follows: car (2.19%), motorcycle (5.23%), bicycle (22.79%), walk (34.37%), transit (27.29%), taxi (1.01%), company car (5.17%), and passenger (1.97%). The agent-based, four-step mode choice modeling system built in this paper is implemented by Java software, and the results obtained in previous steps were embedded into the current step as input. In the second step, if the #Ih_car is larger than #Car h of household h, the researchers randomly allocate the car to one of eligible members. In the third step, the case in which the household member shares a private vehicle is intentionally ignored. Vehicle allocation and mode choice results for the model validation test are presented in Tables 6 and 7 . Table 6 shows that more than 95% of the vehicle use prediction results are correct, and Table 7 shows that more than 88% of observed modes are chosen on average. Table 7 suggests that the model provides reasonable prediction ability for most alternatives (except taxi). Three observations from these validation results are noteworthy. First, the prediction of the vehicle allocation model, which starts from cars and goes to motorcycles and then jumps to bicycles, is reasonable. The step-to-step simulation process improves the accuracy of the mode choice modeling and effectively confirms the use of the private vehicle within households. Second, household members are classified into two types: members allocated with private vehicles and members without, a classification that captures the different probabilities of mode choice changes of these two types of individuals and increases the accuracy of prediction of the model. Third, the prediction of taxi mode is poor, which may be attributed to the small sample size.
CONCLUSIONS AND FUTURE EXTENSIONS
This paper presents an agent-based, hybrid, four-step, same-day mode choice model. In this model, rules-based algorithms are combined with classical random utility maximization decision criterion within an explicit microsimulation framework to estimate mode choice at the household level in developing countries.
Step 1 simulates vehicle (car, motorcycle, and bicycle) allocation within households by a binary logit model and a nested logit model. Step 2 combines a rulebased model and a discrete mode choice model to decide the mode choices of vehicle users.
Step 3 simulates interactions among household members sharing vehicles.
Step 4 applies a mixed MNL model to simulate the mode choices of individuals without private vehicles on a trip-by-trip basis. The effect of the previous mode on subsequent trips is considered in this model.
The benefits of the proposed model come from its abilities to model vehicle deficiency and the differences of mode choice behaviors among household members in developing countries. Through the addition of the vehicle allocation before mode choice predictions, the assumption that vehicles are always available is relaxed. The adaptability of the model system is improved by including the allocation of car, motorcycle, and bicycle according to their different functionalities in China. The discrepancies between the mode choices of household members with private vehicles and those without vehicles are solved by separately modeling this mode choice behavior with different models.
The proposed model has some limitations. First, the model needs the predication from multiple models and a large sample set to support the mode estimation in the four steps. Second, the step-by-step framework requires a high level of accuracy in previous steps to reduce the deviation of the misfit transfer. However, given that the validation test shows the ability to model all trips made by all household members in an internally self-consistent manner from a midsize city in China, these costs are well worth paying.
There is still work to do in the conceptual and operational elaboration of this model. Because of a single set of limited data, this study did not conduct the calibration and test of car allocation and vehicle sharing submode. The validation of the submode in the model is needed, along with a study on whether the model fits the complicated transportation environments of larger cities. The proposed framework can be integrated with an activity generation model in future research to obtain additional insights about activity and travel behaviors.
